The effect of microtopography on soil-water movement is a topic of interest for a range of disciplines, with experimental studies investigating the relationship between the two lacking. Laboratory experiments were conducted by simulating rainfall across packed soil surfaces to investigate the effect of microtopography on wetting front movement within experimental soil profiles. In small soil box experiments, the observed wetting fronts for soil profiles showed considerably deeper movement beneath a smooth surface than depressions for 12-60 min rainfalls. For large soil box experiments, the wetting front reached moisture sensors installed at 5 and 10 cm depths and corresponding to various rough and smooth surface features at significantly different times, with movement being most rapid beneath the smooth surface. Wetting front movement was "quicker" beneath surface peaks than depressions for the rough surface as attributed to 2D/3D unsaturated flow. This study provides valuable experimentally based insight into the effect of microtopography on soil-water movement.
Introduction
Infiltration is controlled by a number of factors such as soil capillary suction, initial moisture content, hydraulic conductivity, and pore structure. For practical applications (such as unsaturated flow modeling), infiltration is generally considered homogeneous across a soil surface. In reality, infiltration rates often vary significantly and dynamically across a soil surface [1, 2] . Infiltration characteristics also strongly influence subsequent water percolation through the vadose zone.
The factors that control spatial and temporal variations in infiltration and soil-water percolation can be divided into three categories: site characteristics, soil characteristics, meteorological characteristics [3] . Site characteristics include slope, microtopography, vegetative cover, grazing conditions, and subsurface conditions; soil characteristics include saturated and unsaturated hydraulic conductivity, degree of aggregation, bulk density, and the presence of macropores; and meteorological characteristics include rainfall intensity, duration, and spatial variations [3] . Soil moisture condition is an important site characteristic, which exerts a significant influence on water movement in soils [3] [4] [5] [6] .
Microtopography is a site characteristic that can affect spatial variations in infiltration and soil-water percolation directly and indirectly and is a research area in need of significantly more work [7] . Generally, increasing soil roughness will result in increased infiltration [8] [9] [10] and varying microtopography will result in varying infiltration rates [11] . Surface microtopography may affect spatial variations in infiltration through its influence on surface ponding. It is well accepted that a rougher surface has greater depression storage and surface ponding compared to a smooth surface [12] [13] [14] . Increased ponding depth will increase infiltration due to the inundation of more surface area and increased ponding head [11, [15] [16] [17] [18] .
Microtopography may also influence spatial variations in infiltration as attributed to its role in the development of surface sealing [5, 16, 17, 19] . Structural seals form due to aggregate breakdown as a direct result of rainfall impact and generally are most prevalent on surface peaks, while sedimentary seals are associated with the deposition of sediments in surface depressions [17] . Structural seals generally have much higher hydraulic conductivities than sedimentary seals [16, 17] . During a rainfall event, structural seal formation generally occurs earlier while sedimentary seals develop more slowly [17] . Seal formation may also be affected by surface ponding due to the protection from raindrop impact the ponded water surface provides to the soil surface.
The significant influence of microtopography on spatial variations in infiltration subsequently translates directly towards its considerable influence on soil-water percolation by its control over the location and amount of water entering the soil. Both matric and gravitational forces control water movement in the soil. 2D/3D trends in soil-water movement beneath a rough surface of peaks and depressions may include significant horizontal wetting front movement as attributed to strong matric relative to gravitational forces initially acting on water in soil, after which gravitational forces generally become predominant with time [20] .
To the best of our knowledge, very limited experimental work has been conducted evaluating soil-water movement characteristics (e.g., wetting front movement) as affected by surface microtopography. The objective of this research is to investigate the effect of microtopography on soilwater movement, especially wetting front movement, by conducting a set of laboratory-scale, small and large soil box experiments under simulated rainfalls across both smooth and rough surfaces. Soil moisture data pertaining to different surface microtopographic features were collected and utilized to examine the spatial variability in wetting front movement and soil moisture content associated with different surface microtopographic characteristics.
Methodology

Experimental Soil Profile Packing Procedures.
A set of laboratory-scale soil box experiments were conducted by packing soil into two different soil boxes (small and large). The 30 × 30 cm small box was built with a wooden frame and clear plexiglass sides and was designed with the capability of packing soil to a uniform bulk density (ρ b ) while incorporating a surface mold. A surface mold was created with the desired microtopography. The bottom of the soil box was removed and the mold was attached to the top of the empty soil box; the soil box was then rotated upside down and soil was packed uniformly in 2.5 cm layers to achieve a predetermined ρ b (based on the void volume and mass of soil); the bottom of the soil box was reattached and the soil box was rotated back to right side up, and the mold was removed. The resulting soil surface was an exact replication of the surface mold with a uniform ρ b throughout the soil profile pertaining to smooth areas, depressions, and peaks. One side of the soil box was removable so that the soil profile could be manually cut in order to evaluate the wetting front location within the soil profile corresponding to different surface microtopographic features.
For the large soil box experiments, a 100 × 120 cm soil box was utilized. Sande et al. [21] detailed the soil box, a mold of desired surface microtopography, and the procedures for soil packing and surface creation. A key feature of the method is the capability to replicate rough soil surfaces while maintaining uniform ρ b throughout the soil profile, which was verified experimentally [21] . Additionally, the soil box incorporates a divider placed down the center of the box creating adjacent 60 × 100 cm smooth and rough soil surfaces for each packed soil box to facilitate simultaneous side-by-side comparison of experiments for two distinct surface microtopographic conditions [21] . For the small soil box, the same soil packing method was applied as for the large soil box, with greater simplicity and the capability for better accuracy in the packing procedure due to the smaller scale. Thus, uniformity in bulk densities can be safely assumed.
For both small and large soil box experiments, a loamy sand (LS) soil (80.3%, 14.6%, and 5.1% sand, silt, and clay, resp.) was utilized. Four small soil box experiments were conducted with similar initial moisture contents (θ i ) ranging from 0.063 to 0.080 cm 3 /cm 3 , while two large soil box experiments were conducted using two different θ i values of 0.144 and 0.073 cm 3 /cm 3 . The θ i values were determined experimentally based on the gravimetric moisture content and ρ b . Basic experimental information and major soil property parameters are shown in Table 1 .
Surface Topography.
For both the small and large soil boxes, surface microtopography was obtained using an instantaneous-profile laser scanner [22, 23] . The small soil box surface consisted of two depressions and an adjacent smooth surface ( Figure 1 ). For the large soil box surface, the aforementioned smooth and rough soil surfaces are shown in Figure 2 . More design criteria for the rough soil surface of the large soil box can be found in [21] .
Norton Style Rainfall Simulator.
A Norton-style rainfall simulator utilizing four oscillating VeeJet nozzles was used to simulate rainfall across soil surfaces in this study. The simulator has been proven to closely replicate natural rainfall characteristics including raindrop size, terminal velocity, energy, and spatial distribution [24, 25] . The simulator is designed to simulate rainfall across a 1.50 × 4.50 m surface area at the design height of 2.44 m with programmable rainfall intensities ranging from 0.97 to 10.42 cm/hr by controlling the nozzle sweep frequency. The rainfall simulator was calibrated and actual spatial distributions of the simulated rainfall were determined. Then, the areas with relatively uniform distributions of rainfall intensities were selected for the small and large soil box experiments. The average rainfall intensities for the small and large soil box experiments were 3.80 and 5.79 cm/hr, respectively (Table 1) .
Soil Moisture.
For the small soil box experiments, the visible wetting front within the soil profile was recorded at the conclusion of rainfall events by cutting the soil profile and measuring the depth from the surface to the observed wetting front. The soil profile was manually cut at two locations ( Figure 1 ) following the simulated rainfall. The depth of the wetting front was measured beneath the three surface features shown in Figure 1 : the large depression, the small depression, and the smooth areas (including smooth area no. 1 and no. 2 in Figure 1 ). Four small soil box experiments with similar θ i values and different durations were conducted so that wetting front characteristics pertaining to different surface feature could be collected for a range of different rainfall durations (i.e., 12-60 min, Table 1 ).
For the large soil box experiments, soil moisture data were collected utilizing moisture sensors installed in soil profiles to investigate the effect of microtopography on soil-water movement. Soil moisture was measured in each experiment at 1 min intervals using Decagon EC-5 moisture sensors installed parallel to the soil surface at depths of 5 and 10 cm at various locations within the soil profiles beneath both the smooth and rough surfaces (Figure 2 ). In Figure 2 , sensor notations of 5 and 10 refer to 5 and 10 cm depths. For the rough surface, two moisture sensors (A5 and A10) were placed beneath a surface peak while the remaining four sensors were located beneath two major depressions (Figure 2(a) ).
Experimental Procedures and Measurements.
For both small and large soil box experiments, soil was packed into the boxes with soil, surface(s) were scanned using the laser scanner, the soil boxes were placed beneath the rainfall simulator, and rainfall was then simulated across the surface(s). For the small soil box experiments, rainfall was simulated across the soil surfaces for predetermined periods of time ranging from 12 to 60 min (Table 1) . Following the termination of rainfall, one side of the soil box was immediately removed. The soil profile was subsequently cut and wetting front depths were measured at the two locations shown in Figure 1 without delay to reduce the effects as a result of continued soil moisture redistribution to the extent practically possible.
For the large soil box experiments, rainfall was simulated across the soil surfaces until both rough and smooth surfaces were fully ponded. The fully ponded status was visually determined as the time when the entire areas of both the rough and smooth surfaces were fully contributing to runoff flow (i.e., for both the smooth and rough surfaces, surface runoff water was visible across the entirety of both surface areas, and additionally for the rough surface, all depressions were completely filled).
During the experiments, data including wetting front, outlet flow, and surface ponding status were collected. For soil moisture sensor data collected, time for the advancing wetting front to reach each moisture sensor (t wet ) was determined as the time when the first significant step increase in moisture content (θ) from θ i was observed. As a verification of this method, sensor t wet values were also compared with the observed wetting front data, for which it was verified that the sensor t wet consistently represented a time slightly before arrival of the actual observed wetting front at the depth of the moisture sensors. This can be primarily attributed to the zone of influence and sensitivity of the moisture sensor. The concentration for this study, however, is on examining the differences in the t wet values between the rough and smooth surfaces. Thus, consistency in the sensor t wet values was most important as opposed to exact t wet and θ values. Table 2 . For all experiments, the final wetting front depths beneath the smooth areas were deeper than those in both the large and small depressions. Compared with the large depression, the final wetting front depths were 1.25-1.75 cm deeper beneath the smooth area (average of smooth area no. 1 and no. 2 as aforementioned, Figure 1 and Table 2) . Similar results (i.e., deeper wetting front depth beneath the smooth area) were observed for the small depression compared with the smooth area (average of smooth area no. 1 S1-S4 refer to Exp. S1-S4, respectively; WF is the final cut wetting front depth relative to the surface. 2 Smooth area wetting front depths are the average of smooth areas no. 1 and no. 2 ( Figure 1 ).
Results and Discussion
1 and no. 2, Figure 1 ). The final wetting front depths beneath the large and small depressions were similar for shortduration experiments (i.e., Exp S1 and S2, Table 2 ). However, slightly deeper final wetting fronts were observed beneath the smaller depression for longer-duration experiments (i.e., Exp S3 and S4, Table 2 ). Overall results from the small soil box experiments clearly show increased wetting front movement depths relative to the surface associated with the smooth area compared with microtopographic depressions. In addition, the discrepancy in final wetting front depths between the smooth area and both depressions was very similar across all four experiment durations of 12-60 min. These results show that even for the longest experiment duration utilized (i.e., 60 min), the effect of microtopography on wetting front movement is still very evident.
Large Soil Box Experiments.
Moisture sensor data for the large soil box experiments Exp L5 and L6 (Table 1) were collected and are shown in Figures 3 and 4 . Compared with the smooth surface, high variability in soil-water movement characteristics can be observed for the rough surface for Exp L5 and L6 (Figures 3 and 4) . Based on the sensorrecorded soil moisture data for shallow and deep depths of both the smooth and rough surfaces (Figure 2) , t wet values were determined for all sensors and are shown in Table 3 . The t wet values for the smooth surface were in very close agreement with each other across the three shallow and deep moisture sensors for both Exp L5 and L6 (Table 3) , which shows the uniformity in soil-water movement beneath the smooth surface. For the rough surface, however, the variability in t wet values across the sensors was large compared with the smooth surface values. Particularly for the deep moisture sensors of the rough surface, the t wet values ranged from 27 to 34 min for Exp L5 and from 27 to 43 min for Exp L6 (Table 3) .
For both Exp L5 and L6, sensors A5 and A10 located beneath the peak on the rough surface profile (Figure 2(a) ) had the shortest t wet values of all rough surface moisture sensors in almost all cases (Table 3) . Sensors B5 and B10, located beneath the large depression of the rough surface (Figure 2(a) ), had t wet values close to those of sensors A5 and A10 although the t wet values for A5 and A10 were slightly shorter for almost all cases (Table 3) . Sensors C5 and C10 located beneath the small downstream depression (Figure 2(a) ), however, had t wet values much longer than those of all other sensors across the rough surface (Table 3) .
Compared with smooth surface sensor t wet values, all rough surface sensor t wet values pertaining to both peaks and depressions were greater for both Exp L5 and L6. However, sensors A5 and A10 pertaining to the surface peak had t wet values and the subsequent wetting front movement characteristics that were very close to those observed beneath the smooth surface. The rough surface sensors located beneath the surface depressions (particularly sensors C5 and C10) had t wet values (and the subsequent wetting front movement characteristics) which were consistently larger than those observed beneath the smooth surface. This general finding of increased wetting front movement beneath high-elevation peaks was similar to that observed in the small soil box experiments. Also similar to the small soil box experiments, the effect of microtopography on soil-water movement was very evident for longer-duration experiments. As the wetting front moved deeper in the soil profile, the discrepancy between deep moisture sensor t wet values increased. That is, there was increasing variability in t wet values across sensors pertaining to different surface microtopographic features as the wetting front moved deeper in the soil profile. Pertaining to the effect of θ i on wetting front movement for Exp L5 and L6, a clear trend was evident. For both the smooth/rough and shallow/deep moisture sensors in the two experiments, t wet values were markedly shorter for Exp L5 (θ i = 0.144 cm 3 /cm 3 ) compared with Exp L6 (θ i = 0.073 cm 3 /cm 3 ). This showed more rapid wetting front movement associated with higher θ i , which agrees with the known relationship between unsaturated hydraulic conductivity (K) and θ i (i.e., positive relationship of increasing K with increasing θ i [20] ), and further conveys the strong influence of moisture content on wetting front movement. 
Further Discussions on the Relationship of Microtopography and Soil-Water Movement.
Several potential effects of microtopography on soil-water movement characteristics may contribute to the findings observed in this study for both the small and large soil box experiments, particularly in wetting front movement characteristics. One effect of microtopography on soil-water movement, which may have contributed to increased wetting front movement relative to the smooth surface (small and large soil box) and the surface peak (large soil box), can be attributed to the matric and gravitational forces acting on soil-water movement. For uniform rainfall on a smooth surface, soil-water movement is primarily along the vertical direction as the wetting front moves downwards with both gravitational and matric (due to the dry soil located directly beneath the advancing wetting front) forces acting in the vertical direction. Beneath a rough surface of peaks and depressions, however, matric relative to gravitational forces may be particularly strong in horizontal directions initially, as attributed to the dry soil located in a radial direction both towards the "center" of peaks and outwards surrounding the boundaries of depressions. These characteristics may lead themselves towards a tendency of "converging" and "diverging" wetting front patterns beneath peaks and depressions, respectively. In addition, for a surface of only depressions and smooth areas (i.e., small soil box surface), the depressions may contribute to increased wetting front movement beneath the adjacent smooth areas as attributed to the aforementioned reasons. Together, these trends and 2D/3D unsaturated flow likely contributed to the increased wetting front movement relative to the surface for the smooth surface for both the small and large soil box experiments as well as the lower t wet values for the large soil box experiments pertaining to the peak compared with depressions for the rough surfaces. Another possible effect of microtopography on soil-water movement characteristics in this study may be attributed to its influence on surface ponding and resulting preferential infiltration. As no surface ponding was observed in the small soil box experiments, discussion on this effect will focus on the large soil box experiments. For Exp L6, no surface ponding was observed on either the rough or smooth surface before the wetting front reached any sensors. For Exp L5, however, surface ponding occurred before the wetting front reached the deep sensors for both the smooth and rough surfaces. In particular, for sensors B5 and B10 of the rough surface (Figure 2(a) ), surface ponding at that location was first observed at 17 min, which may have contributed to the shorter t wet values for the deep sensor (B10). Still, t wet values at that location (B10) were high compared with those pertaining to both the peak (A10) and smooth surface (D10, E10, and F10) sensors (Table 3) , even with the additional effect of surface ponding.
The wetting front movement trends observed in the small and large soil box experiments also may be attributed to the potential effect of microtopography on seal formation. Depressions are generally associated with the formation of lower hydraulic conductivity sedimentary seal formation due to the accumulation of sediments, while peaks and smooth areas are associated with the formation of higher hydraulic conductivity structural seal formation due to 7 raindrop impact. It is possible, for both small and large soil box experiments, that the trend of decreased wetting front movement relative to the surface beneath depressions may be related to seal formation. However, this issue is out of the focus of this experimental study.
Conclusions
Laboratory-scale, small and large soil box experiments were conducted to investigate the effect of surface microtopography on infiltration and soil-water movement. Results from both the small and large soil box experiments showed considerably increased wetting front movement along higher peaks or smooth surfaces/plateaus compared with adjacent lower depressions, which can be attributed to 2D/3D unsaturated flow induced by variations in surface microtopography. That is, wetting front movement relative to the surface was "faster" pertaining to a surface peak than its adjacent depression(s). Considerable variability in wetting front movement beneath the rough surface as influenced by surface microtopography was also reflected in the high variability in wetting front travel time t wet values across the moisture sensors, while wetting front movement beneath the adjacent smooth surface was very uniform, again as reflected in t wet values across the moisture sensors of the smooth surface. For both small and large soil box experiments, the effect of microtopography on wetting front movement remained very evident even for longer-duration rainfalls and deeper soil-water movement. In addition, a relationship between θ i and wetting front movement (i.e., more rapid wetting front movement for higher θ i ) was observed in the large soil box experiments.
The findings of this study have potential implications for agricultural practices (particularly irrigation and surface runoff), solute transport in the vadose zone (particularly for shallow percolation), flooding (both timing and peak flow), and a range of other related areas. Further experimental studies are underway to address the effects of surface microtopography on infiltration and soil-water movement under varying conditions, in terms of spatial scales, surface roughness, soil types, initial moisture contents, and rainfall patterns. In addition, comparison of modeling of 1D/2D/3D unsaturated flow under influence of surface microtopography against experimental results will definitely improve our understanding of the underlying processes and mechanisms.
